ABSTRACT In this paper, we propose an efficient preamble design based on comb-type pilots (CTP) for channel estimation in filter bank multicarrier with offset quadrature amplitude modulation (FBMC/OQAM) systems. The proposed preamble is similar to the CTP widely adopted in OFDM systems, within a specified window. Thus, it enables OFDM-like channel estimation with low complexity for FBMC/OQAM and removes the inter-symbol interference/inter-carrier interference in FBMC/OQAM channel estimation. Moreover, the proposed preamble design can be easily extended to support multiple antennas (MIMO). Simulation results demonstrate that the proposed preamble length could be very close to those of conventional preamble design such as the interference cancellation method, and the channel estimation with the proposed preamble could obtain good performance both in single antenna and MIMO systems.
I. INTRODUCTION
Filter bank multicarrier with offset quadrature amplitude modulation (FBMC/OQAM) [1] - [8] is a promising alternative to the conventional orthogonal frequency division multiplexing (OFDM) technique [9] , [10] . In the recent past, FBMC/OQAM and other alternative filter bank-based waveforms that can overcome the shortcomings of OFDM in multiuser networks have been studied, [11] - [15] .
Channel estimation and equalization in FBMC/OQAM, unlike in OFDM, is not a straightforward task. The subcarriers are only orthogonal in real field of the FBMC/OQAM systems, which means that there exists the intrinsic imaginary interference among data symbols, as well as intersymbol interference (ISI) and inter-carrier interference (ICI). Interference-free symbols are obtained only after channel equalization and taking the real parts, e.g., see [1] - [6] , [8] for details. Under the circumstance of unknown channel, the interference is evidently a barrier for high-performance channel estimations.
In this paper, we focus on preamble design and channel estimation of moderate and low frequency selectivity based on the received preamble signal. For high frequency selective cases, please refer to the recent literature [16] . Three typical preamble-based channel estimation methods had been proposed, e.g., the interference approximation method (IAM), the interference cancellation method (ICM) and pair of realvalued pilots (POP). IAM computes an approximation of the imaginary interference from neighboring training symbols and uses it in channel estimation [17] . This method could achieve better channel estimation performance by maximizing the pseudo pilot power, which is the sum of pilot and imaginary interference. Variants of IAM were proposed in [18] - [21] . An extension of IAM to the FBMC systems with multiple antennas (MIMO-FBMC) was reported in [22] . On the other hand, ICM, which aims to totally remove the imaginary interference, was proposed in [23] and [24] . ICM utilizes subcarriers of even (or odd) index as pilot signals and leaves those of odd (or even) index blank, which successfully avoids the imaginary interference on pilots. Another preamble-based method, called POP method [17] , constructs simple algebra relations by a pair of pilots at two different time instants. A more detailed review about preamble-based channel estimation methods in SISO and MIMO systems was presented in [25] .
A common problem of the IAM, ICM and POP methods is that they give little consideration to the imaginary interference from data symbols to the pilots. A direct method to reduce the interference from data symbols is to add more zero-value guard symbols between the pilots and data symbols. However, it surely reduces the spectral efficiency. Some literatures aimed to reduce the interference from data symbols and use less zero-value guard symbols [26] - [31] . One of these methods is to adopt the iterative algorithms [26] - [28] . In this method, after the initial channel estimation is obtained, the receiver demodulates the data symbols, and feeds them back to the channel estimator to produce a better channel estimation. A channel estimation scheme based on preamble interference cancellation was proposed in [29] , which obtains better performance than IAM with increased complexity. Another method filters the imaginary interference and additive noise by exploiting the sparse property of the channel response in delay domain [30] . Moreover, auxiliary symbol was proposed to cancel the ISI/ICI from data symbols in [31] . In MIMO-FBMC systems, a channel estimation method which employs interference pre-cancellation at the transmitter side was proposed in [32] . The interference from data symbols is previously calculated and then compensated in the receiver.
In summary, both the interference inside the preamble and that from the data symbols should be considered for the preamble design and channel estimation. However, this usually leads to the increased complexity, especially in MIMO-FBMC systems. The main contribution of this paper is a preamble that is simply comb-type pilots (CTP), like those in OFDM systems, within a specified window. It is worth mentioning that the CTP is also called as 'sparse' pilots in some literatures as [33] . The advantages of the proposed FBMC preamble design is four-folded: 1) there is no ISI/ICI in channel estimation, thus the performance of channel estimation is improved; 2) the channel estimation method is low complexity, actually it is the same as that in OFDM systems; 3) the proposed preamble length could be very close to those of ICM/IAM preambles; 4) it could be easily extended to MIMO systems due to that it is free from ISI/ICI.
The rest of this paper is organized as follows. Section II presents the brief description of FBMC/OQAM signaling model and the review of preamble-based channel estimation. Proposed preamble design and channel estimation are given in Section III. The derivation of pilot symbols is presented in Section IV. Numerical results that evaluate the performance of the proposed preamble design and channel estimation method are presented in Section V. The concluding remarks are made in Section VI.
The following notations are used in this paper. The superscripts (·) T , (·) * , (·) + represent the transpose, conjugate and generalized reverse, respectively. Vec(A) denotes the vectorization of a matrix A. Diag(a) denotes a square matrix with the elements of a on the main diagonal. {·} and {·} denote the real and imaginary parts, respectively. Finally, j = √ −1. 
II. FBMC/OQAM SIGNALING MODEL AND PREAMBLE-BASED CHANNEL ESTIMATION A. FBMC/OQAM SIGNALING MODEL
The discrete time-domain model of an FBMC/OQAM transmitter is shown in Fig. 1 . The FBMC/OQAM systems under consideration consists of M subcarriers with subcarrier spacing 1/T , where T is the interval between the complexvalued symbols across time. Each complex-valued symbol is partitioned into a pair of real-valued PAM symbols. The PAM symbol at the frequency-time index (m, n) is denoted by a m,n , where m is the frequency/subchannel index and n is the time index. The filter bank prototype filter has the impulse response g [i] , which we assume only has non-zero coefficients for 0 ≤ i ≤ KM − 1, where K is a positive integer, referred to as overlapping factor. We further assume that g [i] is an even symmetric pulse around its center, hence,
We assume that M out of the M inputs in Fig. 1 are fed by data symbols and the rest of the inputs are zero. And there are N PAM symbols across time. Thus, following Fig. 1 , one finds that [2] 
where
and is the set of M active subcarriers. 
where L h denotes the channel delay spread of h [i] . signal at the (m 0 ,n 0 ) position is given by
satisfying [1] 
and v m 0 ,n 0 is the noise demodulated on (m 0 , n 0 ). To be more specific, ζ m 0 ,n 0 m,n , for (m, n) = (m 0 , n 0 ), represents the imaginary interference (also called intrinsic interference) to a m 0 ,n 0 , which could be removed by taking the real part after channel equalization.
B. FBMC/OQAM PREAMBLE-BASED CHANNEL ESTIMATION
A review of preamble-based channel estimation in FBMC/OQAM is demonstrated in this subsection. Fig. 2 presents a traditional preamble design in FBMC/ OQAM systems. One guard symbol of zero value is placed behind the pilots to avoid the imaginary interference from data symbols. Fig. 2(a) shows the time-frequency structure of the pilots and data symbols, and Fig. 2(b) shows the magnitude of an example transmitted sequence. There are two major pilot designs of this type: IAM and ICM.
Assume that the channel is locally time and frequency invariant and the prototype function is well localized in time and frequency for IAM and ICM. Equation (4) is rewritten as
Then, estimation of channel frequency responseĤ m 0 is obtained byĤ
where a m 0 ,n 0 + a ( * ) m 0 ,n 0 is defined as the pseudo pilot. The goal of IAM is to design a preamble that makes the power of the pseudo pilot as high as possible without increasing the overall power of the preamble at the transmitter side. Contrary to the IAM approach that takes advantage of the interference to improve the accuracy of channel estimation, ICM is another approach to cope with the imaginary interference by somehow canceling it. Channel estimation formula in ICM is the same as (9) except for setting a ( * ) m 0 ,n 0 to zero by utilizing subcarriers of even (or odd) index as pilot signals and leaving those of odd (or even) index blank. However, both ICM and IAM work under the assumption that the interference from data symbols could be ignored by using one guard symbol. In fact, very high accuracy of channel estimation is necessary in high-order constellation modulation. Even with IOTA filter that is well-localized in time and frequency, the interference from data symbols could affect the performance of the channel estimation and demodulation of high-order constellations in FBMC/OQAM systems.
III. PROPOSED PREAMBLE
In this section, we propose a new preamble that enables OFDM-like channel estimation and removes the ISI/ICI in FBMC/OQAM channel estimation.
The proposed preamble is designed such that the signal is simply comb-type pilot, similar to the preamble of IEEE 802.11a OFDM system, within a specified window. The comb-type pilots consist of multiple sinusoidal signals, i.e.,
where A is the magnitude coefficient to adjust the power of CTP signal, F 1 denotes the set of pilot tone index, which is a subset of F that is defined as the set containing indexes of possible pilot tones, and L F is the period of CTP signal and also the FFT size of channel estimation, which will be further explained in the following parts of this section. And φ(k)'s denote a set of phase that are designed to lower the peak-to-average power ratio (PAPR) of the CTP signal. Each value of φ(k) is selected from {+1, −1}, and we choose a combination of φ(k)'s which results the lowest PAPR of the CTP signal. Generally in comb-type pilot structure, tones in F 1 are equally spaced. Fig. 3 presents the proposed preamble design in FBMC/OQAM. Fig. 3(a) shows the proposed time-frequency structure of FBMC symbols, including pilots and data symbols. Fig. 3(b) shows the magnitude of an example transmitted sequence corresponding to Fig. 3(a) . The sample index i 1 through i 6 is the region that covers all the samples overlapped with the pilot symbols. With the proposed preamble design, we obtain nearly perfect CTP signal in the region from i c to i 4 − 1, whose length is L F . The region from i 3 to i c − 1 is designed to be the CTP guard, whose length is designed to be greater than L h , which is the maximum channel delay spread. The regions from i 2 to i 3 − 1 and i 4 to i 5 − 1 are the roll-off regions allowing the signal magnitude gradually approaches zero and that of the following data signal, respectively. The preamble signals in the regions from i 1 to i 2 − 1 and i 5 to i 6 are kept as close to zero as possible.
With the proposed preamble, OFDM-like channel estimation could be adopted for the FBMC/OQAM system, which is demonstrated in Fig. 4 . The received CTP signal is given by After FFT of the received CTP signal, it is obtained that
. Adopting the least square (LS) criterion, the estimation of channel frequency response is derived aŝ
Then, the channel frequency response on other frequency points could be obtained by channel interpolation, such as linear interpolation and many other interpolations [34] . After channel estimation, the received data signal is equalized with the estimated channel and the estimated PAM symbols are obtained after the demodulation. It is worth mentioning that the FFT size for preamble could be different from that for data signal.
IV. CALCULATION OF PILOT SYMBOLS
The procedure of calculating a set of FBMC pilot symbols for the proposed preamble is detailed in this section. First, we obtain the initial FBMC pilot symbols with no consideration of the following data symbols. Then, corrections are made to compensate for the interference of data symbols. An example to further clarify the procedure is given. Finally, the procedure is extended for MIMO-FBMC systems. Fig. 5 illustrates the procedure to obtain the FBMC pilot symbols. After generating the CTP, the target sequence is obtained by windowing it. Then, The initial FBMC pilot symbols P are obtained to generate a preamble sequence that is closest to the target sequence, where P, with element of p m,n , VOLUME 6, 2018 is an M -by-N 1 matrix, and N 1 is the number of the initial FBMC pilot symbols across time. Finally, the interference of data symbols is compensated by the correction symbols P and final FBMC pilot symbols are the sum of P and P , where P , with element of p m,n , is an M -by-N 2 matrix, and N 2 is the number of correction symbols across time.
A. INITIAL FBMC PILOT SYMBOLS
In this subsection, the procedure to obtain the initial FBMC pilot symbols with no consideration of the following data symbols is clarified.
A CTP signal is generated by (10) . Then, the target sequence, denoted by s T , is obtained by windowing the CTP, i.e.,
and w[i] is the window weight for the ith sample. The sample index i 1 through i 6 is the region that covers all the samples overlapped with the pilot symbols. As the number of pilot symbols across time is N 1 ,
The initial FBMC pilot symbols is determined by minimizing the weighted difference D, where
G is an (i 6 − i 1 + 1)-by-M N 1 matrix, which is obtained from (1) and p = Vec(P), where P is the initial FBMC pilot symbols. The mathematical equations that provide detailed constructions of p and G are presented in the Table 1 .
denotes the weight of the ith sample. Using (18) in (17), (17) is rewritten as
Noting that p is real-valued and s T , G are complex-valued, we rearrange (20) as
Then, minimization of D is an LS problem and the solution is
It is clear that p * and s P could be calculated in advance and stored for latter use.
B. COMPENSATION FOR THE INTERFERENCE BY DATA SYMBOLS
In this subsection, the corrections P of FBMC pilot symbols are to compensate the interference of data symbols. We denote the data symbols that overlaps the preamble as D, where D, with element of d m,n , is an M -by-N 3 matrix, and N 3 is the number of overlapping data symbols across time.
After obtaining the corrections, the final FBMC pilot symbols are the sum of P and P . In fact, only part of preamble is interfered by the data symbols, and we define i D as the first sample that is interfered, which is also the first sample of data symbols. Then,
2 + i 1 when the number of pilot symbols across time is N 1 . Then, the corrections are determined by minimizing the weighted difference between the target sequence and s C in the range from i D to i 6 , i.e.,
where s T and s C are the column vectors, which consist of 
Using (24) in (23) , the solution to minimize D is
where G , G 1 and G 2 are the submatrices of G, G 1 and G 2 , respectively. To be more specific, G , G 1 and G 2 consist of last i 6 − i D + 1 lines of G, G 1 and G 2 , respectively. In (26), the first term to the right of the equation is a fixed matrix, which could be calculated in advance and stored for latter use. Thus, the total number of multiplications in this formula is 2M N 2 (i 6 − i D + 1).
C. AN EXAMPLE
In this subsection, an example using the above method to generate a CTP preamble is presented. For the results presented in this subsection, the following parameters are used:
1) The number of subcarriers M is 256, which is equal to the number of samples within the duration of T ;
2) Subcarrier spacing 1/T is 15kHz, and the corresponding sampling rate is 15 × 256 = 3840 kHz;
3) Overlapping factor K is 4; 4) The number of active subcarriers M is 12, and = {1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12}. 5) The period of CTP signal L F is set to M . Therefore, the pilot tone index exactly corresponds to the index of subcarrier and F = . The set of pilot tone index F 1 in this example is set to {1, 3, 5, 7, 9, 11}. 
With the aforementioned parameters, s CTP and s T are obtained from (10) and (14), respectively. Their amplitude are presented in Fig. 7 . As observed, s T is the windowed version of s CTP . 
The weight function γ [i] in this example is given as
A larger γ [i] is employed to ensure that the ith sample of preamble is closer to the corresponding sample of the target sequence. Zero value of γ [i] means that we do not care about this sample.
With s T and γ , the initial FBMC pilot symbols p * are calculated according to (22) . Then, s P is obtained and its amplitude is shown in Fig. 7 . It is observed that s P is similar to s T , especially for the samples with large γ [i]. When the data symbols are added to s P , s P is partly interfered and the first sample being interfered in this example is obtained as i D = 1024. We denote s D as the interfered sequence of s P in the range from i 1 to i 6 , whose amplitude is shown in Fig. 7 . From the figure, it is observed that the preamble is partly distorted by the data symbols. The number of overlapping data symbols across time N 3 depends on the overlapping factor K , i.e., N 3 = K = 4 when PHYDYAS filter is employed. VOLUME 6, 2018 Correction symbols with N 2 = 2 adequately compensate the interference from the data symbols to the preamble. Another weight function γ [i] for corrections is given as
With p * , γ and d, the corrections p * are calculated by (26) .
With the obtained corrections, s C is obtained by (24) and its amplitude is shown in Fig. 7 . It is clear that the interference to the preamble is well compensated by the corrections.
D. EXTENSION TO MIMO
The proposed preamble design can be easily extended to support channel estimation of MIMO-FBMC systems, which is demonstrated in this subsection. It is clear that, if the pilot tones of one transmit antenna are not overlapped with those of other transmit antennas, the channel estimation with the proposed preamble of MIMO-FBMC is no difference from that of single antenna FBMC.
In this example, we assume a MIMO system with two transmit antennas and two receive antennas. Of course more antennas in MIMO systems would be ok as long as the pilot tones assigned to different antennas are not overlapped. Two sets of non-overlapping pilot tones, F 1 = {1, 3, 5, 7, 9, 11} and F 2 = {2, 4, 6, 8, 10, 12}, are assigned to the two transmit antennas, respectively. Then, the preambles of the transmit antennas are generated following the procedure proposed in Section IV-A to IV-B. The generated preamble over each antenna has the same length as that in SISO systems.
The FFT results of the CTP signal in two transmit antennas are denoted by 
where H ij [k] represents the channel frequency response from the ith transmit antenna to the jth receive antenna, and V i [k] denotes the white Gaussian noise added to the ith receive antenna. Then, the estimation of channel frequency response is given by [35] 
Finally, the channel interpolation method could be applied to obtain the channel frequency response on other frequency points for each channel.
V. NUMERICAL RESULTS
In this section, we numerically evaluate the performance of the proposed preamble and channel estimation method with the two popular choices of the prototype filter: the isotropic orthogonal transform algorithm (IOTA) filter [36] and the PHYDYAS filter [37] . Simulations have been conducted with a multipath fading channel model: Extended Vehicular A model (EVA) [38] , which represents a medium delay spread environment. We assume quasi-static channels in the simulations, i.e., a channel is kept unchanged in the duration of one burst and randomly generated for the next burst. In addition, 64QAM modulation is adopted for the signal. The average power of CTP signal is set equal to that of the data signal by choosing a proper parameter A. Other parameters in the simulations are the same as those of the examples presented in Subsection IV-C and IV-D.
A. SIGNAL-TO-DISTORTION RATIO
To quantify the distortion of the CTP signal, the Signal-toDistortion Ratio (SDR) is adopted to measure the difference between the target sequence and preamble sequence on F , i.e.,
, with corrections, 10 lg
where As observed, SDR performance is greatly improved by corrections, especially with PHYDYAS. To be more specific, SDR performance with corrections reaches over 30 dB for both filters. It is also observed that SDR of PHYDYAS filter performs better than that of IOTA filter with corrections. This is because that the IOTA filter is more spread in frequency response so that the preamble quality with IOTA filter is lower than that of PHYDYAS filter with the same number of FBMC subcarriers. 
B. PREAMBLE LENGTH
In this subsection, we average the signal power at each sample over 4000 frame bursts to see how long the proposed preamble is in average. In practice, if signal power is lower than a predefined threshold, we could truncate the signal so that a shorter preamble is obtained without distorting the preamble very much. PHYDYAS filter is adopted in this simulation. Fig. 9 compares the averaged signal power at each sample of the proposed preamble and ICM preamble with single transmit antenna. In the simulation, we take the first sample with an averaged power over −40 dB as the start sample of the frame, then it is observed that the length of the proposed preamble and ICM preamble are nearly the same, which means that the proposed preamble design could reach the same spectral efficiency as ICM in single antenna systems. With the same preamble length, the proposed preamble achieves better channel estimation performance, which will be shown later in the next subsection. The reason of better performance could be seen from Fig. 9 : more preamble energy is transmitted using the proposed preamble as compared with the ICM, with the same preamble length. 
C. NORMALIZED MSE
In this subsection, we compare the channel estimation performance of the proposed method, POP [17] , IAM-C [19] and ICM [24] in SISO systems. The channel frequency response on other frequency points are obtained by linear channel interpolation. The accuracy of channel estimation is quantified by normalized mean square error (NMSE), which is defined by the ratio of averaged channel estimation error power over the averaged channel power over 4000 frame bursts. The Signalto-Noise Ratio (SNR) is defined by the ratio of averaged CTP signal power over the noise power. Fig. 10 plots the channel estimation performance of the proposed method, POP, IAM-C and ICM, with IOTA filter and PHYDYAS filter. As observed, the proposed method performs best for both filters, due the fact that more preamble energy is transmitted and utilized in channel estimation of the proposed method. We also observe that the performance improvement is more significant in PHYDYAS filter, the reason is that the proposed preamble and channel estimation eliminate ICI/ISI in channel estimation, which is more severe a problem in the case of longer filter such as PHYDYAS. It is also observed that, NMSE performance of the proposed method is greatly improved by corrections, which is consistent with the SDR performance shown in Fig. 8 .
NMSE performance of the proposed method is also evaluated for 2×2 MIMO systems in Fig. 11 . It is observed that the NMSE performance in MIMO is very close to that in SISO systems. There is a slight difference between the curves when the noise gradually decreases because that the inter-antenna interference becomes to dominate. This verifies that the proposed preamble design and channel estimation is effective in MIMO-FBMC systems.
D. BIT ERROR RATES
In this subsection, we evaluate the BER performance of the channel estimation with proposed preamble. PHYDYAS filter is employed in this simulation. The BER results of known channel are presented for comparison. Linear VOLUME 6, 2018 FIGURE 11. NMSE performance with the proposed preamble in SISO and MIMO systems. minimum-mean-square error (LMMSE) and zeros forcing (ZF) equalization method are employed in SISO and MIMO systems, respectively. Fig. 12 presents BER with the proposed preamble and channel estimation in SISO and 2 × 2 MIMO systems. As observed, in SISO systems, the SNR gap between the obtained BER and that of the perfectly known channel case is about 1.8 dB at the BER of 10 −2 . As comparison, BER of ICM reaches the error floor of 1.3 × 10 −2 at the SNR of 33 dB. Moreover, the SNR gap with the proposed preamble between SISO and MIMO systems is about 1 dB at the BER of 10 −2 , which results from the NMSE performance difference in channel estimation. These results verify that the proposed preamble and channel estimation work effectively in MIMO systems as well as in SISO systems.
VI. CONCLUSION
In this paper, we have proposed an efficient preamble design based on CTP for channel estimation in FBMC/OQAM systems. The proposed preamble enables OFDM-like channel estimation with low complexity for FBMC/OQAM, and removes the ISI/ICI in channel estimation, therefore improves the performance of channel estimation. It is also verified that the length of the proposed preamble could be nearly the same as that of ICM. Moreover, the proposed preamble design is extended to support the channel estimation of MIMO-FBMC systems. Simulation results demonstrate that the proposed preamble design based on CTP is an efficient method for channel estimation in FBMC/OQAM systems.
